. esis paradigms, this approach allows for transporter Although the transport of substrates appears to occur function to be evaluated both before and after modificaby a classical carrier-mediated cotransport mechanism, tion of specific residues with cysteine-reactive reagents. application of substrates to these carriers also appears Interactions between individual residues and substrates to elicit a chloride conductance that is thermodynamiof the transporter can be examined by determining cally uncoupled from substrate movement ( 
modification of the side chains occurs in an aqueous
Cys(Ϫ) carrier with similar transport properties. An apparent affinity value (K m ) for L-Glu transport was obtained environment (Karlin and Akabas, 1998).
In this study, we show that one residue at each end by measuring the uptake of radiolabeled L-Glu in COS-7 cells. As shown in Table 1 , a slightly lower K m value was of the scanned region, A395C and A414C, is accessible to both of the membrane-impermeant reagents MTSES observed for the Cys(Ϫ) carrier (K m ϭ 37 M Ϯ 3 M; and MTSET, that membrane-permeant MTSEA inhibits the transport activity of a majority of the cysteine substitution mutants, and that the modification rates of three C186S, C252A, and C375G ( Figure 1A ), resulted in a n ϭ 9) than for the EAAT1 carrier (K m ϭ 70 M Ϯ 5 M; are thought to be membrane impermeant, MTSEA permeates the membrane under some conditions (Holmn ϭ 3). This difference was also observed when the potency to elicit substrate-activated transport currents gren et al., 1996). Regardless of whether they cross the membrane, reaction of these compounds with cysteine (EC 50 ) was measured for the Cys(Ϫ) transporter (EC 50 ϭ 8 M Ϯ 2 M; n ϭ 4) and the EAAT1 transporter (EC 50 ϭ residues only occurs to an appreciable extent when the sulfhydryl moiety is in an aqueous environment. There-20 M Ϯ 2 M; n ϭ 4) using the two-electrode voltageclamp technique in the Xenopus oocyte expression sysfore, we assume that a cysteine side chain reactive with MTSEA faces either the extracellular or intracellular mitem. Examination of individual cysteine mutants in oocytes indicated that the higher apparent affinity is linked lieu or an aqueous filled intramembrane compartment such as a pore, while a cysteine side chain reactive with with the C375G mutation because the C186S (EC 50 ϭ 21 M Ϯ 4 M; n ϭ 4) and C252A (EC 50 ϭ 25 M Ϯ 5 MTSES or MTSET faces either the extracellular milieu or an aqueous intramembrane compartment, accessible M; n ϭ 4) mutants have EC 50 values similar to EAAT1, while the C375G (EC 50 ϭ 7 M Ϯ 1 M; n ϭ 4) mutant has from the extracellular space (Javitch, 1998). While no change in uptake was observed after the an EC 50 value closer to the Cys(Ϫ) carrier. No differences were observed between the wild-type and Cys(Ϫ) carriapplication of 2.5 mM MTSEA to the Cys(Ϫ) carrier, significant inhibition was observed for all of the cysteine ers in either the current-voltage relationships determined in oocytes nor in the maximum velocity (V max ) substituted carriers, except A407C, L408C, and I411C ( Figure 2A ). As shown in Figure 2B , a lower concentration of radiolabeled L-Glu uptake in COS-7 cells (data not shown). Also, the plasma membrane levels of the two of MTSEA (1 mM) still markedly inhibited L-Glu transport by the P392C through I397C, Y405C, and A414C transproteins were comparable when they were evaluated in COS-7 cells using a cell surface biotinylation protocol porters. The functional effects induced by the extracellular application of the membrane-impermeant MTS deriv-(data not shown; see Experimental Procedures). Thus, the activity of the Cys(Ϫ) transporter appears to be simiatives MTSES and MTSET were also evaluated. MTSET is positively charged and has a trimethylammonium lar to the wild-type EAAT1 and, therefore, provides an excellent background in which to introduce single cystegroup, which is bulkier than the amine of MTSEA. At 1 mM, this reagent significantly inhibited the uptake of ine substitutions for analysis by SCAM. the A395C and A414C transporters ( Figure 2C ). MTSES (10 mM), a negatively charged molecule that has a simiCysteine Substitution Mutants Show Transport lar size to MTSET, also significantly inhibited the uptake Activity Similar to Cys(Ϫ) of L-Glu by these two transporters ( Figure 2D ). The posiTo evaluate whether residues in the eighth hydrophobic tioning of these two reactive residues at opposite ends domain of the carrier ( Figure 1A ) interact with substrates of this relatively hydrophobic domain, which has been or cotransported ions, 24 consecutive amino acid resiimplicated in the binding of intracellular potassium ions dues (P392 through Q415; Figure 1B 
Cys(Ϫ) carrier (data not shown). To determine whether
Initially it was observed that application of 2.5 mM the loss of transport activity observed with nine of the MTSEA (37% Ϯ 3%; n ϭ 5) reduced transport by approxcysteine substitution mutants was due to an absence of imately the same percentage as with 1 mM MTSEA the transporter at the cell surface, the plasma membrane (35% Ϯ 4%; n ϭ 3) (Figure 2 ). To confirm that the A414C levels of the mutant proteins were evaluated by cell carrier is maximally inhibited by these concentrations, surface biotinylation. Four of the nine mutants appear cells expressing the transporter were incubated with to be severely reduced at or absent from the plasma additional concentrations of MTSEA (0.5 mM to 5 mM). membrane (G401C, F412C, I413C, and Q415C), while As shown in Figure 3A , the percent inhibition of L-Glu the remaining five mutants are expressed at levels comuptake observed was approximately the same at all conparable to or slightly lower than the Cys(Ϫ) carrier centrations tested and was never greater than 50%. (G394C, N398C, M399C, D400C, T402C; Figure 1C ).
These findings imply that while MTSES and MTSET can abolish greater than 90% of the L-Glu transport activity, the maximum inhibition conferred by MTSEA at this resiExtracellularly Applied MTS Derivatives React with the Cysteine Substitutions due appears to be only 30%-40%. Using concentrations of MTSEA ranging from 0.05 mM to 2.5 mM, a second The accessibility of each cysteine residue to an aqueous milieu was determined in the 15 functional mutants by order rate constant of 104 Ϯ 15 M Ϫ1 s Ϫ1 (n ϭ 2) was calculated. To better understand the nature of the intermeasuring the uptake of radiolabeled L-Glu with and without the extracellular application of the MTS derivaaction of the MTS derivatives with the cysteine at this position, the effects of two neutral MTS derivatives were tives in intact COS-7 cells. While MTSES and MTSET evaluated. MMTS (methyl methanethiosulfonate) with a reflects that observed with the test compound alone, it implies that the compound was able to react to complesingle methyl group is small, while MTSACE (2-[aminocarbonyl]ethyl methanethiosulfonate) is approximately tion with the residue and thus prevent subsequent modification by MTSES. This result was observed with each the same size as MTSET and MTSES. Maximal concentrations of these compounds appeared to inhibit transcompound tested, indicating that they react to completion with the same cysteine side chains as MTSES. Thus, port of L-Glu by 16% Ϯ 4% (n ϭ 5) and 64% Ϯ 6% (n ϭ 2), respectively ( Figure 3B ). These data suggest that it appears that the size and possibly the charge of the modifying group, rather than limitations in the ability of A414C is readily accessible to the extracellular aqueous environment and that the extent of the inhibition obthe compound to react to completion with the residue, determine the reduction in L-Glu transport by the A414C served depends on the chemical properties of the MTS derivative used.
carrier. Inhibition of transport by these compounds may depend on their ability to react to completion with the Carrier Substrates Protect Engineered Cysteine Residues from Modification cysteine side chain, or it may depend on the size and/ or electrostatic properties of the substituent once it has by the MTS Derivatives To examine whether substrates of the carrier could probeen linked to the sulfhydryl group. To examine this, cells expressing the A414C carrier were incubated with tect the reactive cysteine substitutions from modification by the MTS derivatives, a saturating concentration a saturating concentration of MTSEA (2.5 mM; Figure  3C ), MMTS (1 mM; Figure 3D of the incubation, the ability of L-Glu to protect A395C in the presence of 2.5 mM MTSEA was also examined carrier was incubated with a relatively high concentration of MTSEA (2.5 mM), L-Glu did not effectively block as a function of time ( Figure 4E ). As expected, a similar relationship was observed between the transport activthe reaction between the cysteine residue and the modifying reagent. However, as shown in subsequent experiity and exposure to MTSEA. In the absence of L-Glu, MTSEA inhibited transport completely and with a secments, a significant protective effect of substrates could be observed with lower concentrations of MTSEA.
ond order rate constant of 12 Ϯ 2 M Ϫ1 s Ϫ1 (n ϭ 3). In the presence of L-Glu, the transport activity diminished over To further examine the protective effect of L-Glu on the A395C transporter, concentration curves of each time and was abolished by 5 min. These data also could not be fit to generate a second order rate constant; MTS derivative were carried out with and without a saturating concentration of L-Glu. In the absence of L-Glu, however, the modification reaction was slowed more physiologically relevant to the transport mechanism. the ability to induce conformational changes in the carrier. However, because they are not translocated, the Cells expressing the A395C carrier were incubated with a low concentration of MTSEA (0.25 mM) and concentraprofile of conformation states and binding events that occur with these compounds are likely to be more retions of L-Glu ranging from 0 m to 1000 M. Radiolabeled L-Glu uptake was measured and fitted to the Mistricted than with substrates. Cells were incubated with 10 mM MTSES and concentrations of DL-TBOA ranging chaelis-Menten equation (Figure 5A ). The calculated EC 50 value is similar to the K m value for L-Glu uptake by from 1 m to 1000 M. DL-TBOA was able to protect the A395C residue from modification by MTSES with an this carrier in COS-7 cells (EC 50 ϭ 35 M Ϯ 5 M, n ϭ 3; K m ϭ 37 M Ϯ 3 M, n ϭ 9). To determine whether EC 50 of 29 m Ϯ 8 M (n ϭ 3; Figure 5B ), a value similar to its affinity to inhibit the uptake of L-Glu by this carrier this relationship holds true for other MTS derivatives, we also carried out the experiment with MTSES and (IC 50 of 19 m Ϯ 4 M; n ϭ 2). As was observed with L-Glu, DL-TBOA also completely blocked modification obtained a similar EC 50 value (data not shown). The similarity in the affinity values for the protection mechanism by MTSET, but not by MTSEA (data not shown). These results are consistent with protection of the A395C and the uptake activity suggests that protection of the residue occurs at a step within the transport process.
transporter taking place at a step in the transport cycle closely linked to L-Glu binding. ; n ϭ 3) was 25% of the rate measured at 22ЊC. The reduction in the reaction rate at the lower temperature (Q 10 ≈ 2) is consistent with previous estimates of the temperature dependence of the rate of the chemical reaction between the sulfhydryl group and the MTS derivative (Q 10 ϭ 2, A. Karlin, personal communication). As was observed at 22ЊC, L-Glu completely protected A395C from modification when the reaction was carried out at 2ЊC-4ЊC (k ϭ 0.033 Ϯ 0.003 M Ϫ1 s Ϫ1 ; n ϭ 3). Thus, L-Glu protects the residue from modification when the reaction is carried out at temperatures that dramatically slow the transport cycle, suggesting that block by L-Glu occurs at a step prior to the temperature-sensitive conformational changes that the carrier undergoes as a result of its interaction with substrate.
Sodium Ions Affect the Modification Rate of Two Cysteine Substitution Mutants
The L-Glu transport is thought to proceed through the ordered binding of substrates, with sodium binding before substrate (Kanner and Bendahan, 1982) , though the sites may or may not be closely related. To determine suring the rate as a function of time, at two different Together, these data support the idea that this region Based on these findings, mechanistic models of solutedependent transporters have expanded from simple alforms a reentrant loop that may be part of a translocation pore for substrates and cotransported ions. A similar ternating-access models to ones that also incorporate gating mechanisms and pore domains akin to those in topology was proposed for this domain in a study using microsomal membranes to examine the folding of trunion channels ( ., 1998) . The results of this study sis of the A395C residue revealed that L-Glu protects the residue from modification by MTSES, MTSET, and were the basis for a model with seven ␣-helical TMs, followed by three shorter membrane-associated seglow concentrations of MTSEA with an affinity that is similar to its apparent transport affinity ( Figure 5A ). This ments and ending with an eighth ␣-helical TM. This model interprets the region of our proposed P loop as could occur because the binding of L-Glu blocks access of the reagents to the cysteine side chain or because it a membrane spanning ␣ helix (TM7) with the preceding residues as intracellular. Our data contradict this aspect stabilizes a particular conformation that restricts access to the side chain. Biochemical evidence for substrateof the model because we have shown here in a functional assay that A395C in EAAT1, which would correspond induced conformational changes in the N-terminal half of GLT-1 has been obtained by comparing the size of to the cytoplasmic side of the putative GLT-1 TM7, can be readily modified with the membrane-impermeant retransporter fragments generated by limited proteolysis in the presence and absence of substrates (Grunewald agents MTSES and MTSET (Figure 2) . In addition, a larger molecule, MTSEA-biotin, labels A395C, and this and Kanner, 1995). Nontransported, competitive inhibitors are thought to reaction can be blocked by MTSES and MTSET (data not shown). Moreover, we have found that the transport bind to similar sites as substrates, but not to induce a complete transport cycle. Although DL-TBOA is not activity of two cysteine mutants made in the EAAT1 domain analogous to the putative intracellular loop betransported, it may induce or stabilize particular conformations upon binding the carrier, as shown with kainate, fore TM7 can be abolished by the extracellular application of the membrane-impermeant reagents MTSES and a nontransported, competitive inhibitor that appears to increase the accessibility of the Y403C residue in GLT-1 MTSET (data not shown). Together, these data argue that at least a portion of the region before P392 faces the . Thus, the ability of DL-TBOA to protect the A395C residue from modification by MTSES extracellular milieu, consistent our model of a reentrant loop for this domain. The reason for the differences in (and MTSET, but not MTSEA; data not shown) with an affinity similar to its affinity to block the transport of the two models is not clear but may reflect differences in the experimental approaches used.
L-Glu ( Figure 5B ) suggests that protection of the residue is similar to that observed with L-Glu and takes place Reentrant loops have been postulated for a number of ion channels (reviewed in MacKinnon, 1995), including prior to substrate translocation. Measurement of transport rates at lowered temperathe M2 segment of ionotropic glutamate receptors (Hollmann et al., 1994; Wo and Oswald, 1994; Bennett and tures has been used to distinguish substrate binding from translocation because the transport of substrates Dingledine, 1995), the P loop of cyclic nucleotide-gated channels (Sun et al., 1996) , and the P loop of voltageappears to be highly temperature dependent, whereas the binding of substrates remains unaffected (Wadiche gated potassium (Yellen et al., 1991) and sodium channels (Sather et al., 1994; Perez-Garcia et al., 1996). X-ray and Kavanaugh, 1998). The finding that L-Glu protects the A395C residue at temperatures where transport crystallographic analysis of an S. lividans potassium channel, which has similarity in both sequence and funcdoes not occur ( Figure 5C ) also supports the idea that substrates block the modification at a step prior to subtion to the mammalian voltage-gated potassium channels, provides additional evidence that residues of such strate translocation. The results from these experiments are again consistent with the idea that protection of P loops participate in forming the aqueous pore and selectivity filter for ions (Doyle et al., 1998). Many examthe residue occurs at a step closely linked to substrate binding, but independent of translocation, and could ples in both recombinant and in vivo systems illustrate that transporters mediate both substrate-gated ion consupport a model in which the A395C residue lies near a glutamate-binding site. ductances as well as substrate-independent ("leak") The A395C residue was not protected by L-Glu when type may influence the binding of sodium and/or potassium ions to the glutamate transporters as well. Because MTSEA was applied at concentrations greater than approximately 2 mM (Figure 4) . It could not be determined the modification rates of these residues with MTSEA are increased in the absence of extracellular sodium ions, whether covalent attachment of MTSEA effectively competes with the reversible binding of L-Glu from the extrawe propose that they reside within an aqueous translocation pore and are positioned such that they can be cellular side of the membrane or if MTSEA reacts with the residue using an alternative route that involves crossaccessed from the extracellular milieu (Figure 7 ). In conclusion, this study provides evidence that resiing the cell membrane. The latter explanation seems more likely because L-Glu can still protect the A395C residue dues P392 through Q415 of EAAT1 are important to several aspect of transporter structure and function. The from modification by the membrane-impermeant reagents MTSES and MTSET at concentrations that are existence of a reentrant membrane loop with both ends exposed to the extracellular milieu suggests that, by effectively greater than 2.5 mM MTSEA once the reactivity rates have been normalized. Thus, the A395C residue, analogy to the P loops of ion channels, this domain may participate in the formation of an aqueous translocation like Y405C, may be modified by MTSEA from either side of the membrane. 
